abstract: It is widely recognized that bi-directional communication exists between the human oocyte and cumulus cells (CCs) which is essential for the production of competent oocytes. CCs originate from granulosa cells (GCs) which differentiate into mural GCs and CCs during follicular antrum formation. CCs are biologically distinct from other follicular cells and perform specialized roles, transmitting signals within the ovary and supporting oocyte growth and maturation during the later stages of follicular development. This review details the results of transcriptomic analysis of CCs and considers what this data can teach us about the biology of CCs and their interactions with the oocyte. We also explore the potential for the gene expression data to reveal novel biomarkers of oocyte quality and assist the optimization of assisted reproductive technologies.
Introduction
The mature cumulus oocyte complex (COC) is made up of the secondary oocyte, which is arrested at metaphase II following extrusion of the first polar body (PB), and surrounding cumulus cells (CCs). CCs possess highly specialized trans-zonal cytoplasmic projections that pierce through the zona pellucida and form gap junctions at their tips with the oocyte (Albertini et al., 2001 ). This intimate association allows CCs to fulfil vital roles, supporting the maturation of the oocyte and relaying endocrine and other environmental signals.
Just before ovulation, the human oocyte will have completed its growth, reaching about 100 mm in diameter (Mehlmann, 2005) . Ovulation subsequently occurs under the luteinizing hormone (LH) surge which effects the meiotic and cytoplasmic maturation of the oocyte. The CCs remain loosely linked to the oocyte after ovulation, continuing to support the oocyte during its journey outside the ovary.
The mutual dependency of the oocyte and the CCs involves a complex and varied set of interactions. The importance of CCs is highlighted by experiments involving the in vitro maturation (IVM) of rat oocytes. In the presence of CCs, oocytes were capable of producing viable fetuses in proportions similar to ovulated oocytes after IVF (Vanderhyden and Armstrong, 1989) . This is in contrast to a low success rate of maturation for oocytes at the germinal vesicle or meiosis I stages, cultured in the absence of CCs. The study by Vanderhyden et al. confirmed that CCs perform an essential role in promoting the normal cytoplasmic maturation necessary for pronuclear formation and subsequent developmental competence. Ebner et al. (2006) also demonstrated the culture of human oocytes with attached CCs may improve embryo morphology on Days-2 and -3, as well as blastocyst formation. The vital role of CCs in supporting in vivo oocyte development as well as IVM, has led many researchers to focus their attentions upon this special cluster of cells. The latest tools to be added to the technical arsenal of these scientists are the methods permitting accurate transcriptomic analyses, such as microarrays. These techniques have provided new insights into CCs and their interactions with the oocyte and other follicular cells.
This review will focus on the CCs, which are typically discarded during assisted reproduction techniques, but may provide important answers concerning how human oocytes develop and mature to fulfil their essential function in reproduction. The possibility that analysis of human CCs will yield novel markers of oocyte quality is also discussed.
What are CCs?
CCs originate from relatively undifferentiated granulosa cells (GCs) . GCs are the primary cell type in the ovary that provides the physical support and microenvironment required for the developing oocyte. They are actively differentiating with several distinct populations during folliculogenesis-from a primordial (squamous type) stage of development through ovulation (cuboidal type) to a luteal stage of development (hypertrophied lutein cells). The distinct switch from primordial to primary follicle is accompanied by a change in the GCs' morphology from squamous to cuboidal type, as shown by LinternMoore and Moore (1979) in the mouse.
The pre-GCs will undergo cyto-differentiation and proliferation to support the oocyte during its early growth and through the transition of the follicle from the primordial to pre-antral phase (Fig. 1) . The regulation of GC cyto-differentiation thus requires the actions of a number of hormones and growth factors (Skinner, 2005) .
Commencement of GC differentiation occurs upon follicular antrum formation, which corresponds approximately to the end of the oocyte growth phase. In humans and other mammals, two anatomically and functionally distinct lineages are produced-mural GCs that line the wall of the follicle with primarily a steroidogenic role and the CCs, which encircle the oocyte (Chian et al., 2004; Gilchrist et al., 2008) .
CCs express many of the same genes as GCs but their transcriptome also displays some unique features, in keeping with their specialized role. For example, murine CCs are known to express transcripts such as Slc38a3 (which codes for SLC38A3, a sodium-coupled neutral amino acid transporter; Eppig et al., 2005) and Amh (which codes for Anti-Müllerian hormone; Salmon et al., 2004) at higher levels than GCs defining, at least in part, the CC phenotype. The expression of Slc38a3 is found to be limited to CCs in late antral follicles with little or no expression in GCs (Eppig et al., 2005) and appears to require close contact with the oocyte to enhance amino acid transport co-operation between the two cell types, essential to support oocyte development. Similarly, Amh expression is restricted to CCs during antrum formation, at least in the mouse. Anti-Müllerian hormone regulates follicle development by attenuating the effects of follicle stimulating hormone (FSH) on follicle growth and inhibiting primordial follicle recruitment. Therefore, stage-specific oocyte regulation of Amh expression may play a role in intra-and inter-follicular coordination of follicle development (Salmon et al., 2004) .
Interestingly, stimulation of meiotic maturation by LH occurs via its action on the surrounding somatic cells rather than on the oocyte itself (Mehlmann, 2005) . Indeed, in several mammalian species LH receptors have been shown to be located on the mural GCs but not on the CCs or the oocyte (Peng et al., 1991; Eppig et al., 1997; Jones, 2008) . In humans, mice, sheep and likely all other mammals, CCs undergo extensive proliferation prior to LH surge, and following the pre-ovulatory LH surge a cascade of events is initiated that leads to further CC proliferation and expansion (Lin et al., 2009; Scherzer et al., 2009) . The competence to undergo expansion is a unique characteristic of CC differentiation (Diaz et al., 2006) , which has been shown to be critical for normal oocyte development, ovulation and fertilization (Elvin et al., 1999; Chang et al., 2002; Vanderhyden et al., 2003) .
The role of CCs during the antral phase of folliculogenesis
As the follicle undergoes pre-antral to antral transition, the GCs continue to proliferate and as they do so, follicular fluid accumulates and coalesces to form a single follicular antrum. The follicular antrum enlarges in the antral phase but the oocyte does not increase in size during this period. GCs commence differentiation at this time to give rise to mural GCs and the CCs. The steroidogenic mural GCs line the wall of the follicle, whereas CCs encircle the oocyte, remaining connected to the rim of GCs by a thin 'stalk' of cells.
The COC uses glucose for many essential metabolic processes such as energy production, nucleic acid and purine synthesis, mucification and cellular homeostasis (Sutton et al., 2003) . However, despite the pivotal role of glucose, the oocyte itself has a relatively poor capacity to utilize this metabolite (Biggers et al., 1967; Sutton-McDowall et al., 2010) . CCs are known to metabolize the bulk of glucose consumed by the COC, supplying metabolic intermediates like pyruvate, mainly via glycolysis, to the oocyte (for a detailed review on role of glucose metabolism in the oocyte, refer to Sutton-McDowall et al., 2010) . Other substrates of low-molecular-weight such as amino acids and nucleotides are passed to the growing oocyte for its own synthesis of macromolecules as well as ribosomal and messenger RNA from the GCs/CCs. Transport occurs through the extensive network of inter-cellular connections between GCs, CCs and oocyte and the increasing number of gap junctions formed between adjacent GCs.
The nutritional support and trafficking of macromolecules that this system allows may be particularly important for oocytes due to the avascular nature of the granulosa layer (reviewed by Johnson, 2007) . The signalling between the CCs and oocyte via cytoplasmic processes penetrating the zona pellucida and forming gap junctions at the oocyte surface is a key means of disseminating local and endocrine signals to the oocyte (Albertini et al., 2001 ). This communication is so crucial that genetic deletion of the oocyte-specific gap junctional subunit, connexin-37, leads to female sterility in mice, resulting from a lack of mature follicles, failure to ovulate and development of numerous inappropriate corpora lutea. In addition, oocyte development in connexin-37 deficient mice arrests before meiotic competence is achieved (Simon et al., 1997) .
The communication between CCs and oocyte is bi-directional, and it is clear that the role of the oocyte extends far beyond its functions in the transmission of genetic information and supply of raw materials to the early embryo. It also has a critical part to play in mammalian follicular control and the regulation of oogenesis, ovulation rate and fecundity (Eppig 2001; McNatty et al., 2004; Gilchrist and Thompson, 2007) .
The oocyte has been shown to be a central regulator of follicular cell function in mammals, secreting soluble growth factors, oocyte secreted factors (OSF), which act on neighbouring follicular cells to regulate a broad range of GC and CC functions, including differentiation, proliferation, apoptosis and luteinization (Gilchrist et al., 2008) . This has been affirmed by two landmark studies which demonstrated that absence of two OSFs, growth differentiation factor 9 (GDF9) and bone morphogenetic protein 15 (BMP15), causes sterility in the mouse (Dong et al., 1996) and sheep (Galloway et al., 2000) . Both GDF9 and BMP15 are from the transforming growth factor-b (TGF-b) superfamily, are expressed in an oocyte-specific manner from a very early stage, and play key roles in promoting follicle growth beyond the primary stage (reviewed by Knight and Glister, 2006) . Hence, the CCs support the development and maturation of the oocyte during the antral phase, and in turn, the oocyte responds to and regulates its surroundings in tandem with CCs to ensure conditions are conducive for its growth (Fig. 2) .
The role of CCs during the pre-ovulatory phase of folliculogenesis
A critical event which occurs during the pre-ovulatory phase is the resumption of meiosis in the oocyte. Meiosis is initiated in the human fetal ovary at 11 -12 weeks of gestation (Gondos et al., 1986) , the oocytes entering prophase and going through synapsis with the exchange of genetic material between paired homologues. On completion of recombination, the oocyte progresses to diplotene of prophase I and enters a protracted arrest stage known as dictyate. At this stage such oocytes are known as primary oocytes and they are surrounded by flattened pre-GCs to form the pool of primordial follicles, which a woman will utilize during the course of her reproductive lifespan.
The number of follicles decline throughout childhood reaching 300 000 at menarche (Faddy et al., 1992) . Primordial follicles remain quiescent for years until they are recruited to undergo further development during sexual maturation under the influence of pituitary gonadotrophin, FSH and LH. Follicle growth takes 85 days in humans and most follicles become atretic at some stage (Telfer and McLaughlin, 2007) . Only a minority reach ovulation and, in most cases, only one will complete growth each month. This oocyte will be ovulated in response to the mid-cycle LH surge and complete meiosis I, arresting at metaphase of meiosis II (MII) (reviewed by Hunt and Hassold, 2008; Tatone et al., 2008) . MII is only resumed upon fertilization of the oocyte by the sperm. Pinctus and Enzmann (1935) demonstrated that mammalian oocytes removed from their follicular environment spontaneously resume meiosis. Therefore, it is likely that direct transfer of substances between CCs and oocyte is important for the maintenance of meiotic arrest (Eppig, 1991) . In mammals, cAMP manufactured by CCs appears to be a key factor in this control, negatively regulating germinal vesicle breakdown (Eppig and Down, 1984) . In various species Figure 1 The developing oocyte is surrounded by pre-GCs, which appear flattened (squamous type). These layers of cells envelope the developing oocyte to form the primordial follicle. The regulation of GC cyto-differentiation requires the actions of a number of hormones and growth factors. Later on, theca cells are recruited to the primordial follicle to form the primary follicle. During this phase of follicle growth, both the GCs and theca cells are non-steroidogenic; they are also steroid and gonadotrophin-independent. The pre-GCs undergo cyto-differentiation and proliferation to support the growth of the oocyte and transition from primordial follicles to pre-antral follicles. By this time, the oocyte has a well formed zona pellucida and the multiple layers of GCs are separated from the theca cells by a basement membrane. Up until the pre-antral stage (A), the development of the follicle is hormone independent. As the follicle undergoes pre-antral to antral transition (B), the GCs continue to proliferate and as they do so, follicular fluid accumulates and coalesces to form a single follicular antrum. The commencement of GC differentiation occurs upon follicular antrum formation. Two anatomically and functionally distinct lineages are produced-mural GCs that line the wall of the follicle with primarily a steroidogenic role and the cumulus cells, which encircle the oocyte. The luteinising hormone surge triggers the resumption of meiosis I in the oocyte and subsequently ovulation occurs.
Human oocyte and cumulus cells relationship (e.g. cattle and rodents), compounds which elevate intracellular cAMP levels inhibit or delay meiotic resumption in CCs enclosed oocytes but not in CCs denuded oocytes (Dekel et al., 1984; Bilodeau et al., 1993) .
CCs allow the transmission of a maturation inducing signal to the oocyte from the extra-follicular environment during the LH surge and resumption of meiosis only takes place in oocytes from preovulatory follicles with sufficient LH receptors to facilitate this process (Hillier, 1994) . In mice and cattle, communication mediated by gap junctions from the CCs to the oocyte (unidirectional) has been shown to be essential for the initiation of oocyte maturation in response to gonadotrophins (Fagbohun and Downs, 1991; Carabatsos et al., 2000; Vozzi et al., 2001) . The breakdown of CC-oocyte communication in the rat arrests the supply of cAMP from the CCs to the oocyte, resulting in a decrease in the intra-oocyte concentration of cAMP (Dekel, 1988) . It is possible that the rapid increase of cAMP in CCs may activate phosphodiesterase 3A (PDE3A) and decrease cAMP level in oocytes, possibly by cAMP-dependent guanine nucleotide exchange factor/phosphatidylinositol 3 kinase (PI-3K)/phosphoinositide-dependent protein kinase-1/protein kinase B (PKB) pathway (reviewed in Conti, 2000; Conti et al., 2002) . On the other hand, a high level of cAMP in CCs stimulated by gonadotrophins may induce the release of signal or signals that trigger meiotic resumption despite the presence of the high cAMP level in oocyte (Liang et al., 2005) .
The role of CCs during and post-ovulation
Prior to ovulation, the gonadotrophin surge promotes CCs production of hyaluronic acid that binds CCs and expands spaces between the cells, embedding them in a mucinous matrix (reviewed by Eppig, 2001 ). CCs expansion is important in ovulation as inhibition of hyaluronic acid synthesis or linking of CCs in vivo decreases ovulation rates markedly in the mouse (Chen et al., 1993; Hess et al., 1999) .
Normal ovulation requires prostaglandins production and GDF9 appears instrumental in inducing expression of Ptgs2 by CCs after the LH surge, as adding recombinant GDF9 to GCs in vitro stimulates the expression of Ptgs2 (Elvin et al., 1999) . After ovulation, the CCs continue to be associated with the oocyte, facilitating the capture of the COC by the ciliated epithelial cells of the infundibulum and its transport along the Fallopian tube (reviewed by Tanghe et al., 2002) . In hamsters and cattle, this process has been shown to be mediated by adhesion of CCs and their inter-cellular matrix to the ciliated oviductal epithelium (Lam et al., 2000; Kö lle et al., 2009) . In humans, the cumulus matrix and CCs also participate in fertilization by influencing spermatozoa binding and penetration of the COC (Chung et al., 2009; Hong et al., 2009) . Subsequently, the intimate contact between the CCs and the oocyte is broken by the withdrawal of the cytoplasmic processes. It has been observed that human CC apoptosis rates from morphologically abnormal oocytes were significantly higher than morphologically normal oocytes examined under transmission electron microscopy (Yang et al., 2009 ). An increase in CC apoptosis has also been associated with immaturity of human oocytes, impaired fertilization (Host et al., 2002) , suboptimal blastocyst development (Corn et al., 2005) and poorer outcomes in IVF programmes (Nakahara et al., 1997a, b; Oosterhuis et al., 1998) . It is not clear whether abnormal/poor quality oocytes induce apoptosis in the associated CCs or whether CCs with high levels of apoptosis lead to the production of impaired oocytes. However, these observations do further demonstrate the interdependence of the oocyte and its CCs and suggest that adequately functioning CCs are essential for ensuring the survival and subsequent maturation of the oocyte, allowing it to fulfil its reproductive purpose (Tanghe et al., 2002) .
The gene expression and biochemical activity of CCs are likely to be influenced by the condition of the oocyte, the environment within the follicle and also interactions within the internal milieu of the ovary. The close communication between CCs, the oocyte and the surrounding GCs has relevance scientifically (in that analysis of the GC -CCoocyte signalling may reveal the biological processes active in the oocyte/follicle at a given time) and clinically (hinting at potential targets for interventions or diagnostics; e.g. human studies: Gasca et al., 2007; Wells et al., 2008; murine: Yeo et al., 2009) .
Recent human CC studies aimed at understanding follicular influences on oocyte competence
As we have suggested previously, because CCs interact so closely with the oocyte and share the same microenvironment, they may retain a footprint of the follicular conditions experienced by the oocyte . With appropriate methods it may be possible to detect and decode molecular alterations in the CCs that reveal prognostically relevant information concerning the oocyte. For example, patterns of gene expression reflect processes occurring within a cell at a given moment in time, including the cell's responses to environmental challenges. Thus, analysis of gene activity in CCs may reveal much concerning the conditions within the follicle in which the oocyte completed maturation.
One important component of the follicular environment is oxidative stress. A study focusing on 8-hydroxy-2 ′ -deoxyguanine, a by-product of oxidative stress-induced digestion of DNA, found that an increased level in mural and cumulus GCs was associated with lower oocyte fertilization rates and poorer embryo quality (Seino et al., 2002) . Antioxidants produced by CCs are postulated to protect the oocyte from damage caused by reactive oxygen species. One class of antioxidant enzymes, present in CCs, are superoxide dismutases (SOD). SOD levels in CCs have been noted to decrease with advancing female age and higher SOD activities were associated with successful outcomes in assisted reproduction techniques (Matos et al., 2009) . Not only does this data emphasize the influence of oxidative stress on oocyte viability, but also highlights SOD as a potential biomarker of prognostic significance. Glutathione S transferases are another class of enzymes known to protect cells from reactive oxygen species by detoxification of harmful metabolites into soluble and readily excretable forms. In a study by Ito et al., glutathione S transferase theta 1 (GSTT1) was shown to be a good indicator of age related infertility. The authors noted that oxidative stress is a known major ageing factor and serum concentration of FSH increases as women age (Klein et al., 1996) ; by utilizing an in vitro model, human granulosa-like tumour cell line, KGN (Nishi et al., 2001) , they observed that addition of either FSH or hydrogen peroxide to KGN results in up-regulation of GSTT1 (Ito et al., 2008) , thus suggesting that GSTT1 is up-regulated in ageing GCs.
It seems that CCs are constantly responding to the intra-follicular environment to ensure optimal oocyte development, regulating expression of antioxidants and other molecules in order to maximize oocyte support and minimize damage caused by extrinsic factors (e.g. reactive oxygen species). An ongoing study of the CC transcriptome in our laboratory has suggested that follicular microenvironment might even play a role in the origin of oocyte meiotic chromosome abnormality, one of the principal causes of oocyte incompetence. The study demonstrated that CCs associated with chromosomally abnormal oocytes have characteristic deviations in their patterns of gene expression (Wells et al., 2008 and Fragouli et al., unpublished data) . Several of the genes affected were involved in pathways related to cellular stress (e.g. hypoxia, nutritional deprivation), suggesting an association between aneuploidy and suboptimal environment. Some genes involved in hormonal response also displayed abnormal expression, potentially linking the increased frequency of aneuploidy and the altered hormone levels seen with advancing age. Finally, several genes that function in apoptotic pathways showed abnormal expression levels. Previous studies have shown that elevated apoptosis rates in CCs are associated with poor IVF outcomes (Nakahara et al., 1997a, b; Corn et al., 2005) and it now seems that increased risk of aneuploidy may partially explain this observation.
In addition to maintaining an optimal environment for the developing oocyte, the CCs have a key role in the transmission of signals to and from the oocyte. The importance of signalling pathways in the follicle cannot be overstated, and their appropriate function is vital for the production of a viable gamete. The WNT/b-CATENIN signalling pathway controls diverse developmental processes and is thought to play a significant role in human folliculogenesis. A study by Wang et al. detected the expression of various members of the WNT/ b-CATENIN signalling pathway in human CCs, including DVL, AXIN, GSK-3b and b-catenin. b-catenin is a key effector of WNT/ b-CATENIN signalling and is regulated by the cytoplasmic destruction complex formed by AXIN, GSK-3b and APC. In addition, WNT2 and its receptor FDZ9 were also detected in human CCs. These findings are compatible with a model in which WNT2 signals through FDZ9 to regulate the b-CATENIN pathway in human CCs, potentially recruiting b-catenin into the plasma membrane and promoting the formation of adherens junctions CDH1 (Wang et al., 2009) . This is likely to ensure the establishment of effective communication and proliferation of the cumulus oophorus in order to support oocyte development.
Another gene which may have a role in follicular maturation is Maternal Antigen That Embryos Require (MATER). Interestingly, MATER is expressed in human CCs but not in mural GCs . It is transcribed only during oogenesis and remains stable until the morula and early blastocyst stage but disappears in late blastocyst stage (Tong et al., 2002) . Maraldi et al., with the aid of immunoprecipitation and confocal analysis, demonstrated that MATER protein interacts with protein kinase C epsilon (PKCj) in human CCs. PKCj is believed to function as an anti-apoptotic protein, so it is possible that MATER-PKCj collaborates with other signalling pathways such as phosphoinositide-3-K (PI-3-K), Akt and Ras/Raf/ERK to regulate cell survival and cell death. Therefore, appropriate MATER expression during follicular maturation could be crucial for pro-survival signal transduction via the PI-3-K/Akt/PKCj pathways (Maraldi et al., 2009) .
Signalling pathways that affect CC proliferation or apoptotic processes may have prognostic significance, given that the rate of proliferation of CCs and levels of apoptosis have been suggested to correlate with maturation of human oocytes, fertilization (Host et al., 2002) , blastocyst development (Corn et al., 2005) and implantation in human assisted reproduction (Gregory, 1998) .
Recent human CC studies aimed at identifying new markers of oocyte viability
The perception that CCs have a central role in the communication of signals within the follicle and in the support of oocyte maturation has led various groups to focus their research on the analysis of CC gene expression, in the hunt for novel markers of oocyte competence and pregnancy outcome (Cillo et al., 2007; Feuerstein et al., 2007; Fragouli et al., 2007; Gasca et al., 2007; Assou et al., 2008; Hamel et al., 2008; Van Montfoort et al., 2008; Wells et al., 2008) .
Following up from their earlier work on the characterization of the CC transcriptome (Assou et al., 2006 ), Hamamah's group attempted to identify potential regulators and marker genes involved in oocyte maturation by screening human oocytes and CCs using microarrays (Gasca et al., 2007) . Their study identified a number of potentially significant genes involved in processes such as cell cycle checkpoints and DNA repair, including BARD1, RBL2, RBBP7, BUB3 and BUB1B. Appropriate expression of these genes may have relevance to oocyte quality. In a later study, the same group also demonstrated that morphologically normal oocytes from a patient with recurrent fertilization failure displayed disturbances in their patterns of gene expression, most notably affecting genes involved in meiosis, cell growth and apoptosis (Gasca et al., 2008) . Alterations in gene expression have also been reported in morphologically abnormal embryos (Wells et al., 2005) .
In a further microarray study, Assou et al. reported patterns of CC expression that were significantly associated with embryo morphology and pregnancy outcome. These included the up-regulation of BCL2L11 (involved in apoptosis) and PCK1 (phosphoenolpyruvate carboxykinase 1 involved in gluconeogenesis) and down-regulation of NFIB (a transcription factor). On the basis of their results, the researchers proposed that these three genes could be used as biomarkers to predict pregnancy .
Another study that revealed potential biomarkers examined the transcription of six genes in CCs from pre-ovulatory follicles using realtime PCR (Feuerstein et al., 2007) . The genes were selected for analysis because their expression was induced by the LH peak (STAR, COX2 and AREG), or because of known roles in oocyte lipid metabolism (SCD1 and SCD5) or in gap junctions (Cx43). Expression levels of all genes investigated, except Cx43, were increased after resumption of meiosis. Nuclear maturation of the oocyte was associated with increased expression of STAR, COX2, AREG, SCD1 and SCD5 in CCs. In addition, mRNA transcript level of these genes were lower and distributed over a narrower range in CCs enclosing oocytes achieving blastocyst development at Day 5/6 than in CCs enclosing oocytes unable to develop beyond the embryo stage. Thus, the findings indicated a link, of potential clinical significance, between gene expression patterns in CCs and developmental ability (Feuerstein et al., 2007) .
Work on PTGS2 (Prostaglandin-endoperoxide synthase; cyclooxygenase), HAS2 (hyaluronic acid synthase 2) and GREM1 (gremlin 1) had indicated that these genes may also be markers of oocyte developmental competence (McKenzie et al., 2004) . CCs isolated from oocytes which produced high quality Day-3 (cleavage stage) embryos were found to have higher transcript levels than those detected in CCs from oocytes that developed into poor quality embryos (expression of PTGS2 and HAS2 was 6-fold higher, GREM1 was 15-fold higher). Similar results were obtained for GREM1 and HAS2 by Cillo et al., suggesting that the measurement of transcripts from these genes in CCs might complement morphological evaluation and provide a useful tool for selecting oocytes with greater chances of fertilization and development in vitro (Cillo et al., 2007) .
Early cleavage is one of several embryo characteristics that appears to be well correlated with embryo viability, as it is closely associated with the blastocyst formation rate (Fenwick et al., 2002) , implantation and pregnancy (Shoukir et al., 1997; Sakkas et al., 1998; Lundin et al., 2001; Salumets et al., 2003; Van Montfoort et al., 2004) . Van Montfoort et al. examined CCs from early cleavage embryos versus non-early cleavage embryos using microarrays. This was followed by confirmatory real-time PCR analysis and finally analysis of a series of additional independent samples (Van Montfoort et al., 2008) . Their study revealed eight genes with consistent differences in expression: CCND2 (cyclin D2), CXCR4 (chemokine C-X-C motif receptor 4), GPX3 (glutathione peroxidase 3, plasma), CTNND1 (catenin, cadherin associated protein, delta 1), DHCR7 (7 dehyro-cholesterol reductase), DVL3 (dishevelled, dsh homologue 3), HSPB1 (heat shock 27 kDa protein 1) and TRIM28 (tripartite motif containing 28). The function of these genes suggest a role for hypoxic conditions (CXCR4, GPX3, DVL3, HSPB1) or delayed oocyte maturation (CCND2, TRIM28, DHCR7, CTNND1) in non-early cleavage embryos (Van Montfoort et al., 2008) . Not only do these results shed light on aspects of follicle biology that might result in late/early cleavage, but as with the studies discussed above, they also provide a set of potential markers that could be employed for the purposes of oocyte selection.
A further set of markers of oocyte/follicle competence were reported by Hamel et al. (2008) who performed experiments with the aim of identifying specific CC/GC genes expressed in follicles leading to pregnancy. For this purpose, they employed a custom-made complementary DNA microarray containing CC/GC expressed sequence tags from subtracted libraries (CC/GCs from women who became pregnant versus cells from those who did not). Altered expression of CDC42 (cell division cycle 42), 3bHSD (3-b-hydroxysteroid dehydrogenase 1), SERPINE2 (serine proteinase inhibitor clade E member 2), FDX1 (ferredoxin 1) and CYPA191 
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Human oocyte and cumulus cells relationship (cytochrome P450 aromatase) were significantly associated with competent follicles that resulted in pregnancies. These correlations were confirmed with quantitative PCR analyses (Hamel et al., 2008) .
One of the problems facing attempts to identify new markers of oocyte/embryo quality in CCs is the difficulty in obtaining an accurate measure of viability. Although some aspects of embryo morphology, such as early cleavage, are associated with implantation potential, such correlations are generally weak. Taking the establishment of a clinical pregnancy as a proof of viability is a superior approach. However, most IVF cycles involve group culture of multiple embryos and/or transfer of more than one embryo, complicating the determination of which oocyte produced a pregnancy. Aneuploid embryos also confuse matters, since they are common, are morphologically indistinguishable from euploid embryos, sometimes produce a pregnancy, yet rarely produce a live birth. Ultimately, the optimal strategy for studies of this kind would involve individual oocyte/embryo culture, single embryo transfer and assessment of viability on the basis of a live birth.
A large amount of novel data has been generated from the various studies conducted on the CCs transcriptome, yielding a detailed catalogue of the genes expressed (Supplementary data, Table S1 ). The genes displaying differential activity between competent oocytes and those with reduced potential are involved in various functions in the oocyte. Although the amount of information gathered has been impressive, and genes of potential prognostic importance have been identified, we are still only just beginning to piece together the complex interactions between the oocyte and the other cells of the follicle. At this time there are no detailed explanations concerning the mechanisms by which differences in CC gene expression cause (or are caused by) altered oocyte competence. Moreover, the endpoints of existing studies vary (Table I ), making it difficult to link the different plausible pathways/mechanisms. Nonetheless, it is clear from the results acquired that oocyte viability is dependent on a fine balance of multiple pathways and various cell types within the follicle.
Concluding remarks and future directions
In conclusion, the analysis of mRNA and proteins in CCs may provide an indication of the microenvironment the oocyte was exposed to during the final stages of maturation. The genes expressed in CCs have now been catalogued and some have been found to display differences in expression between individual oocytes. In a few cases, these variations appear to be related to oocyte quality. Ultimately, it may be possible to quantify the mRNA transcripts from such genes, or the proteins they produce, in order to gain insights into oocyte (and embryo) competence that are not currently possible using traditional assessments. In many cases it seems that abnormal expression of critical cellular and developmental processes has little or no impact on oocyte/embryo morphology. These 'invisible' problems may explain the sudden, unexplained arrest of embryos that had previously achieved good morphological scores.
The identification of CC or oocyte derived biomarkers that accurately reveal high quality, viable gametes could revolutionize the way in which oocytes and embryos are selected for uterine transfer during IVF treatments, potentially leading to increases in fertilization, Clinical pregnancy outcome Hamel et al. (2008) Single and double embryo transfers were performed and pooled together for analysis implantation and clinical pregnancy rates. If markers of aneuploidy can also be identified, reduction in the rates of miscarriage and aneuploid syndromes (e.g. Down syndrome) are also anticipated. The development of a non-invasive preconception test for aneuploidy is extremely attractive, since it could overcome some of the most important technical and ethical difficulties facing preimplantation genetic screening (Wells et al., 2008) . The knowledge obtained from transcriptomic analysis of oocytes and CCs will also guide the optimization of various procedures used during assisted reproductive treatments, in particular IVM protocols, for which a thorough understanding of cumulus -oocyte interactions during the latter stages of oocyte maturation is essential, are likely to benefit. There will be more exciting data generated from studies of CCs and it is likely that in the foreseeable future, the mechanisms underlying female meiosis, oocyte development and the unique milieu required by the oocyte for optimum nuclear and cytoplasmic maturation will be unravelled.
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